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Chapter 1. Introuction 
 
Solar energy is the cleanest and most abundant renewable energy source available, among the several ways to 
harness solar energy, photovoltaics technology is one to convert solar energy into electric power which usually 
make use of a kind of semiconductor device called solar cell. Among the many kinds of solar cells, thin-film solar 
cells have got more and more attention due to its high efficiency and low material cost. Among the thin film 
materials, Cu(In1−x,Gax)Se2 (CIGS) is a very promising one for application in thin-film solar cells and the best 
solar cell efficiency till now based on this material reached 21.7% [1-1], which makes it the world record solar 
conversion efficiency among all thin film technology. 
Cu(In1−x,Gax)Se2 is an absorber material which owns very high absorption coefficient (10
4
-10
5
 cm
-1
) and the 
bandgap can be tuned from 1.0 eV to 1.68 eV by changing the Ga concentration (x=Ga/(Ga+In)) from 0 to 1. The 
wide varying bandgap range also makes it a very promising material for tandem solar cells [1-2].  
Although very high efficiency has been obtained for CIGS-based solar cell, problems still exist. One of them is 
the energy loss problem for the wide bandgap or high Ga concentration CIGS since the experimental efficiency of 
CIGS with wide bandgap is still much below the ideal predictions [1-3]. The saturation of open-circuit voltage in 
the wide bandgap region is one important factor to limit the efficiency [1-4], and recombination via the defect 
levels in the band gap of CIGS is an important factor to limit the open-circuit voltage. So in order to enhance the 
performance of the cell with high Ga concentration, the reduction of the carrier recombination and a removal of 
the defects in CIGS are indispensable. Our motivation focused on step 1 in Figure 1-1(a), that is, to study the 
mechanism that may decrease the efficiency of wide-bandgap CIGS solar cells [1-5]. 
 
 
Figure 1-1. (a) Theoretical efficiency of CIGS compared with the experimental obtained efficiency, Step 1: the 
ideal bandgap for the maximum efficiency is around 1.4 eV other than 1.15 eV; Step 2: the ideal maximum 
efficiency is about 30% other than about 20% (b) The saturation effect of Voc for high bandgap CIGS (ref[1-3]) 
[1-1] 
http://www.pv-magazine.com/news/details/beitrag/zsw-sets-217-thin-film-efficiency-record_100016505/#axzz3Ef 
TDQBT1 
[1-2] S. Nishiwaki, S. Siebentritt, P. Walk, and M. Ch. Lux-Steiner, Prog. Photovoltaics 11, 243-248 (2003). 
[1-3] W. Shockley and H. J. Queisser, J. Appl. Phys. 32, 510 (1961). 
[1-4] R. Herberholz et al., Sol.Energ.Mat.&Sol.Cells, 49 (1997) 227. 
[1-5] S.Ishizuka et al., GRE 2014, Tokyo, Japan (2014) O-Pv11-2. 
Chapter 2. Characterization of shallow-level defects by Admittance Spectroscopy 
 
2.1 Introduction 
Thermal admittance spectroscopy is a technique for 
the measurement of the defect levels within the p-n 
junction [2-1]. By measuring the small signal ac 
admittance of the junction under different conditions, e.g. 
with the small-signal frequency and sample temperature, 
it is possible to extract the density of states, activation 
energy, capture cross section of the defects etc. 
2.2 Experimental  
Polycrystalline CIGS thin films were grown by a 
three-stage process using a molecular beam epitaxy 
(MBE) system. Films with Ga contents (x) ranging from 
0 to 1 were prepared. For the measurement   of 
admittance spectroscopy, sample was mounted in a 
cryostat system. Admittance spectroscopy was carried 
out in the dark within the temperature range, 10~350 K 
using Agilent 4284A LCR meter. Amplitude of the AC 
modulation voltage was kept as small as 25 mV (rms) to 
maintain linear response, while modulation frequency 
was varied from 1 kHz to 1 MHz. 
2.3 Results and discussion 
Three main defects (marked by , , ) which located 
around 10 meV, 120-150 meV and 250-300 meV above 
the valence band edge were observed [2-2]. Fig. 2-1 
shows the defect density of different defects versus Ga 
content, however, no obvious relationship between the 
defect density of shallow-level defects and the Ga/III 
ratio was found, which indicate these defects may not 
play important roles to influence the performance as Ga 
content increased. Then, the capture cross section of each 
defect could be obtained from equation (2-1) [2-3], 
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where ω0 is the characteristic frequency of the defect 
response which is related to the emission rate (τ0
-1
) of 
trapped carriers. EA is the activation energy of defects. ξ0 
is the temperature independent pre-exponential factor, 
NC.V is the effective density of band involved, νth is the 
average thermal volecity and σt is the capture cross 
section of defects. Then, the carrier life time, τ, could be 
calculated as τ=1/(σtνthNt), where Nt is the defect density. 
The carrier lifetime of two deeper defects waere 
calculated for different samples and the results were 
shown in Table 2-1. Most of the carrier lifetimes were 
found in the order of μs, this large carrier life time 
usually suggests these defects, may not so effective to act 
as trapping or recombination centers.  
Thus, shallow defects may not play important role to 
influence the efficiency of CIGS as Ga/III increases. 
Thus we will focus on study of deeper level defects 
which are near mid-gap energy.  
     
Fig. 2-1. Density of each shallow defect versus Ga/III, 
including defect  and  defect . The results are 
concluded from our previous work [2-4]. 
 
Table 2-1. Carrier life time of shallow defects for CIGS 
of various Ga content  
Ga/III 0.30 0.45 0.50 0.65 0.80 
τ 2.4×10
-5
 1.7×10
-4
 5.4×10
-7
 - 1.0×10
-5
 
τ 4.7×10
-4
 2.0×10
-6
 1.7×10
-6
 8.5×10
-7
 9.8×10
-7
 
  
2.4 Conclusions 
With large carrier lifetime in the μs order suggests that 
shallow-level defects (, , ) determined by admittance 
spectroscopy in this study may not so effective to act as 
trapping or recombination centers.   
Reference  
[2-1] Joachim Kneisel, Kai Siemer, Iika Luck, and Dieter 
Bräunig, J. Appl. Phys. 88, 5474-5481 (2000). 
[2-2] M. Islam, PhD thesis, University of Tsukuba, 2010. 
[2-3] D. L. Losee, J.Appl. Phys. 46, 2204 (1975).   
[2-4] H. Uehigashi, Master thesis, University of Tsukuba, 
2009. 
Chapter 3. Characterization of deep-level defects by single-wavelength and two-wavelength transient 
photocapacitance (TPC) spectroscopy 
 
3.1 Introducton  
A defect centered at around 0.8 eV from the valence 
band edge has been found for CIGS films by TPC [3-1], 
however, the properties and the influence of this deep 
defect on CIGS thin films are still ambiguous. In this 
study, to understand the defect properties, single- and 
two-wavelength TPC method was used and discussed 
about the recombination properties of the defect. 
3.2 Experimental 
CIGS solar cells grown by three-stage process with Ga 
contents (x) ranging from 0.3 to 1.0 were prepared. The 
single-wavelength TPC measurements have been carried 
out at temperature of 60 K with a fill pulse bias of 0 V 
and a quiescent bias of 0.5 V (reverse bias). During the 
photocapacitance measurements, a halogen lamp was 
used as the monochromatic light source (wavelength, 
700~1800 nm). A detail timing chart for the 
measurements has been presented in [3-2]. The transient 
response, which arises after the pulse, was integrated 
over a fixed time window (integration time=0.75 s) by 
using an analog-to-digital converter with 24-bit 
resolution. The rate window was fixed at 2 s
-1
.  
In the two-wavelength TPC measurements, a 0.8 eV 
(wavelength, 1550 nm) laser beam corresponding to the 
defect level was irradiated simultaneously with the probe 
light using a collimator lens and a beam-splitter. The two 
light sources were chopped synchronously to the 
excitation pulse using an electronic shutter. 
3.3 Results and discussion 
3.3.1 Single-wavelength TPC 
Fig. 3-1(a) shows the TPC spectra of CIGS samples 
with various Ga content from 0.30 to 0.80 measured at 
60K. The signal of TPC is defined as follows, 
light dark
TPC
C dt C dt C
S
Photon flux Photon flux
 
 
 
       (3-1) 
light darkC dt C dt   is defined as ΔC for convenience. 
All the sub-bandgap spectra could be well fitted by a 
Gaussian-shaped defect band, the center of which is 
around 0.8 eV. One of the fitting example is shown in the 
insert of Fig. 3-1(a). So, a similar defect level at around 
0.8 eV above the valence band was determined for all 
samples independent of Ga content. To make the 
comparison of the TPC signal with different Ga content 
possible, an extra handling of the TPC signal was done 
by defining a new TPC signal S*TPC as shown below, 
( / )
* A ATPC TPC
C C N N
S S
Photon flux C
 
  
            (3-2) 
where C is the quiescent capacitance at applied bias and 
NA is the net majority carrier concentration. The new 
signal eliminates the influence of carrier concentration 
and width of depletion region for different samples as 
similarly in the case of DLTS experiments where 
(2ΔC/C)·NA was simply used as a quantitative method to 
estimate the trap concentration [3-3]. So S*TPC enables a 
relatively quantitative comparison of the density of deep 
defects while assuming all samples as n
+
p step junctions. 
The relationship between S*TPC and Ga content was 
shown in the inset figure in Fig. 3-1(b). It indicates that 
the defect density generally increases with increasing 
Ga/III ratio.  
 
Fig. 3-1. (a) TPC spectra dependent on Ga/III ratio; (b) A 
relatively quantitative comparison of deep defect 
densities dependent on Ga/III ratio 
Then, a relatively quantitative comparison of deep defect 
densities based on the results of TPC showed that the 
defect density seems to increase with increasing Ga/III 
ratio. 
3.3.2 Two-wavelength TPC 
Fig. 3-2 shows the principle of two wavelength 
excitation TPC. Fig. 2(a) shows the electron distribution 
during a normal photo-capacitance measurement using 
only a monochromatic probe light called excitation light 
A (denoted as normal conditions “n”), and Fig. 2 (b) 
shows the electron distribution when the defect is 
saturated by carriers using 0.8 eV laser irradiation called 
excitation light B (denoted as saturated conditions “s”). 
If the defect level acts as a recombination center, the 
carrier density, corresponding to the TPC signal, in the 
conduction band under saturated conditions should be 
larger than under normal conditions.  
 
Fig. 3-2. Schematic diagram demonstrating principle of 
the two-wavelength method involving the 0.8 eV defect. 
Excitation light A: monochromatic probe light; 
Excitation light B: 0.8 eV laser light.  
To precisely evaluate the difference in charge 
distribution between normal and saturated conditions, the 
R value defined as below.  
I =I (1.5 eV) - I (0.8 eV)s s s          (3-3) 
I =I (1.5 eV) - I (0.8 eV)n n n          (3-4) 
     R= I / Is n                  (3-5) 
where Is(1.5eV) and Is(1.5eV) represent the intensity of 
the TPC measured under saturated condition, and 
In(1.5eV) and In(0.8eV) represent the intensity under 
normal conditions.  When the 0.8 eV defect acts only as 
a trapping center, the R value should be 1, and when the 
defect acts as a recombination center, the R value should 
be greater than 1.  
 
Fig. 3-3. Photocapacitance spectra of CIGS with various 
Ga contents, measured under normal conditions and 
saturated conditions at (a) 140 K and (b) room 
temperature. The numbers express Ga content, and n 
indicates normal conditions while s indicates saturated 
conditions. 
Fig. 3-3 shows photo-capacitance spectra of CIGS 
with various Ga contents, measured under normal and 
saturated conditions at 140 K (a) and room temperature 
(b), respectively. The photo-capacitance spectra of three 
typical samples are shown. 
The R values obtained from CIGS samples with 
various Ga contents are shown in Fig. 3-4. At 140 K, 
almost all of the R values are close to 1. This means that 
the saturation effect of the 0.8 eV defect can be neglected, 
The R values, however, are generally slightly less than 1, 
which can be explained by the more effective interband 
recombination than that under normal conditions. On the 
other hand, at room temperature, all of the R values were 
greater than 1. This means that carrier recombination 
occurs through the defect level under normal conditions, 
and that there is a suppression of carrier recombination 
under saturated conditions. Therefore, the 0.8 eV defect 
acts as a recombination center at room temperature. 
Since the presence of a recombination center often 
deteriorates the open-circuit-voltage and thus reduces the 
efficiency, decreasing the concentration of 0.8 eV defects 
is a promising means of improving cell efficiency.  
 
Fig. 3-4. R values for CIGS with various Ga contents at 
140 K and room temperature (RT).  
3.4 Conclusions 
   The properties of deep-level defects located at 0.8 eV 
above valence band in Cu(In,Ga)Se2 thin films were 
investigated by single- and two-wavelength transient 
photo-capacitance (TPC) spectroscopy. The defect 
density increased with increasing Ga/III ratio. From the 
two-wavelength TPC measurements, it was found that 
the defect level at 0.8 eV acts as a recombination center 
at room temperature.  
Reference 
[3-1] J. T. Heath, et al, Appl. Phys. Lett. 80, 
4540-4542 (2002). 
[3-2] S. Siebentritt and U. Rau, Wide-Gap Chalcopyrites 
(Springer Verlag, Berlin Heidelberg, 2006) p.69-90. 
[3-3] D. V. Lang, J. Appl. Phys. 45, 3023 (1974).
Chapter 4. Investigation of the properties of deep-level defect by steady-state photocapacitance (SSPC) 
 
4.1 Introduction 
The 0.8 eV deep-leve defect has been qualitatively 
studied by transient photocapacitance method, such as 
the defect density increases with Ga/III ratio and it acts 
as a carrier recombination center at room temperature. 
However, other properties such as the defect 
concentration and how it influences the performance of 
the solar cells as Ga content increases are still ambiguous. 
In this study, steady-state photo-capacitance (SSPC) 
measurements were carried out to investigate the 
properties of the deep-level defect such as the defect 
concentration and the photo-ionization cross sections. 
Also, the metastable state of the defect was investigated 
using SSPC method but with much higher excitation 
light intensity. 
4.2 Experimental 
CIGS solar cells grown by three-stage process with Ga 
contents (x) ranging from 0.3 to 1.0 were prepared. 
Photo-capacitance measurements were performed with a 
halogen lamp light as the excitation source using a 
monochromator-based setup. The sample temperature 
was maintained at 60 K to minimize thermal emission 
from deep-level defects. Prior to the experiment, the 
samples were allowed to relax in the dark condition at 
room temperature for long enough time. The capacitance 
measurements were done at zero bias. The 
time-dependent capacitance signal was measured with a 
Boonton 72B capacitance meter operating at 1MHz. For 
quantitative investigation of the defect, the light intensity 
reaching the sample’s surface was of the order of 1015 
photons/(cm
2
·s). But for the investigation of the 
metastable state, much higher light intensity with the 
order of 10
17
 photons/(cm
2
·s) was used. 
4.3 Results and discussion 
4.3.1 SSPC with weak excitation light 
Fig. 4-1(a) shows the photo-capacitance transients for 
CIGS with different Ga content measured at 60 K. The 
light was irradiated to the sample for long enough time 
so as to reach the steady state. The steady-state 
photo-capacitance of a one-side junction can be 
expressed as [4-1]:  
,
2
o
pss t
o o
A p n
C N
C N

 



         (4-1)                          
where Nt is the filled deep-level concentration, NA is the 
acceptor concentration, C is the quasi-equilibrium 
junction capacitance, ΔCss is the total change 
(steady-state) in capacitance by photo-irradiation. σp
o
 and 
σn
o
 is the photo-ionization cross section of hole and 
electron, respectively. The increase of capacitance by 
photo-irradiation indicates a dominant contribution of 
hole emission (σp
o
>>σn
o
). Assuming an initial condition 
that the defect level is empty (since before the 
measurements, the samples were relaxed for long enough 
time, the assumption is reasonable), the concentration of 
the deep-level defect could be estimated. 
 
Fig. 4-1. (a) Photocapacitance transients for CIGS with 
different Ga content measured at 60 K. (b) the fitting 
results with the fitting function for the CIGS sample with 
Ga content of 0.40. 
In general, for a single deep level contributing to the 
photo-capacitance transient, the change in capacitance 
can be written as [4-1]: 
/( ) (1 ),tssC t C e
    
              (4-2) 
where ΔCss is the steady-state photo-capacitance and τ is 
the time constant of the carrier emission process which is 
the reciprocal of the emission rate. And τ is given by 
[4-1]: 
1
( ),o on p  

  
                  (4-3) 
where Φ is the photon flux of the incident light. 
Considering σp
o
>>σn
o
, the σp
o
 at the photon energy of the 
incident light could be estimated.  Fig. 1(b) shows the 
fitting results with Eq. (4-2) for the CIGS sample with 
Ga content of 0.40. 
Fig. 4-2 shows the results of defect concentration and 
photo-ionization cross section by using the method as 
just described. The defect concentration was estimated to 
be in the order of 10
-13
-10
-14
 cm
-3
 and globally increase 
with Ga content. The photo-ionization cross section of 
the hole was estimated to be in the order of 10
-17
-10
-16
 
cm
2
 and seems also to increase with Ga content. 
 
Fig.4-2. Concentration and optical cross section (σp
o
) of 
the deep-level defect. 
 
4.3.2 SSPC with strong excitation light 
Fig. 4-3 shows typical photocapacitance transients 
obtained for CIGS solar cells with varying Ga content 
under 0.8 eV light illumination at 60 K.  
 
Fig.4-3. Photocapacitance transients obtained for CIGS 
films of varying Ga content under illumination by 0.8 eV 
light at 60 K.  
An interesting phenomenon was observed for all 
samples when illuminated by the 0.8 eV light, namely 
the evolution of the capacitance into a steady-state 
photocapacitance vs. time curve consisted of two distinct 
stages: a fast increase (τ1) and a subsequent slow increase 
(τ2), leading up to steady-state photocapacitance. This 
was verified by the fact that fitting the expression to the 
photocapacitance transient curve with a single time 
constant proved unfeasible, but with two time constants, 
it fit the data very well. Fig. 4-4 shows the typical fitting 
results for CIGS samples with Ga contents of 0.30, 0.62 
and 0.80, for which the fast process was about 1~2 
orders of magnitude faster than the slow one. 
 
Fig.4-4.Typical fitting results of photocapacitance 
transients for CIGS samples with a Ga content of 0.30, 
0.62 and 0.80, obtained using Eq.(4-2) with two time 
constants. 
These observations were tentitavely interpreted using 
a configuration coordinate (CC) model assuming two 
states for the 0.8 eV defect: a stable state D and its 
metastable state D* with a large lattice relaxation. 
Similar phenomenon was observed for the EL2 defect in 
GaAs, which has been explained by the appearance of a 
metastable state of EL2 with a large lattice relaxation 
[4-2]. The diagram of the CC model was shown in Fig. 
4-5. 
 
Fig.4-5. Configuration coordinate diagram for optical 
transition processes involving deep-level defects. e is the 
emission rate of electrons between two states. 
4.4 Conclusions 
The defect concentration in the order of 10
14
 cm
-3
 and 
the photoionization cross section in the order of 10
-17
 cm
2
 
were obtained by steady-state photo-capacitance (SSPC) 
measurements with low light intensity and both were 
found to increase with Ga/III ratio. A metastable state of 
the defect was proposed based on the results of SSPC 
measurements with high light intensity and a 
configuration coordinate model was also proposed to 
tentatively to explain the results. The new found 
metastable state may provide another recombination path 
which deteriorates the performance of CIGS solar cells. 
Reference 
[4-1] A. Hierro, D. Kwon, S. A. Ringel, S. Rubini, E. Pelucchi and A. Franciosi, J. Appl. Phys. 87, 730 (2000). 
[4-2] G. Vincent, D. Bois and A. Chantre, J. Appl. Phys. 53, 3643 (1982). 
Chapter 5. Investigation the effect of the deep-level defect on the devices by time-resolved 
photoluminescence (TRPL) method 
 
5.1 Introduction 
Previous parts have shown the investigation of the 
properties of the deep-level defects, however, how the 
defects influence the devices was still ambiguous. In this 
part, the contribution of deep defects to the carrier 
recombination in the CIGS films will be investigated by 
the time-resolved photoluminescence (TRPL) method. 
5.2 Experimental 
CIGS thin films grown by three-stage process with Ga 
contents (x) ranging from 0.3 to 1.0 were prepared. 
TRPL measurements were carried out at room 
temperature with a confocal laser scanning microscope 
using a 635 nm diode laser (Scientex OPG-3300) for 
excitation. The laser source was operated in a pulsed 
mode with a pulse width and repetition rate of 100 ps and 
2-5 MHz, respectively. The PL decay lifetime was 
evaluated for CdS-covered specimens, which were 
prepared by chemical bath deposition (CBD), to exclude 
the reduction in lifetime caused by air oxidation.
 
5.3 Results and discussion 
Fig.5-1(a) shows the PL decay curves for CIGS films 
with Ga content varied from 0.30 to 0.80. For each film, 
the signal was detected at the maximum of the PL 
emission.  
 
Fig. 5-1. (a) PL decay curves for CIGS films with Ga 
content varied from 0.30 to 0.80. (b) Dependence of PL 
decay lifetime and device efficiency on Ga content 
A bi-exponential relationship between the PL intensity 
and the time was used to fit the PL decay. The 
bi-exponential function for fitting the PL decay curves 
was shown by 
1 1 2 2I I exp( t / ) I exp( t / ),             (5-1) 
where I is the luminescence intensity at time t, I1 and I2 
are coefficients, τ1 and τ2 are the fast and slow decay 
lifetimes, respectively. The minority carrier lifetime was 
evaluated using the slow emission component (lifetime τ2) 
which approximately corresponds to the values observed 
under low intensity irradiation [5-1]. Then the carrier 
lifetime of all samples were extracted as Table 5-1 shows. 
It can be obviously seen that the minority carrier lifetime 
decreases with Ga content and high device efficiency 
corresponds to long minority carrier lifetimes 
Table 5-1. Minority carrier lifetime of CIGS thin films 
with various Ga content and efficiency of corresponding 
solar cell devices 
 
Generally, the PL decay includes radiative decay 
which is caused by interband recombination and 
nonradiative decay caused by Shockley-Read-Hall (SRH) 
recombination via deep level defects, (Auger 
recombination would also influence the decay lifetime, 
however, this process was usually negligible at low 
carrier doping condition as in our case). The measured 
PL decay lifetime is given by the reciprocal sum of the 
lifetimes caused by the two decay processes as expressed 
by 
1 1 1
,
TRPL rad SRH  
 
                 (5-2) 
where τTRPL is the measured PL decay lifetime, τrad  is 
the lifetime of radiative recombination under low 
intensity irradiation or in the low carrier injection regime 
and is described by [5-2] 
1
,rad
ABN
 
                    (5-3) 
where B is the radiative recombination coefficient and NA 
is the net majority carrier density. τSRH is the lifetime of 
nonradiative recombination via deep defects and in low 
carrier injection regime can be described by [5-2] 
1
,SRH
T thN v



                   (5-4) 
where NT is the defect density, νth is the thermal 
recombination velocity and σ is the capture cross section 
of the defect. Assuming a radiative recombination 
coefficient of B=8×10
-11
~1.6×10
-10
 cm
-3
s
-1
 and the net 
majority carrier concentration NA~10
16
 cm
-3
[5-3]. As a 
result, from Eq. (5-3) the radiative lifetime for CIGS is 
expected to be larger than 1 μs, which is much larger 
than the obtained lifetimes in Table 5-1 (<150 ns). Thus 
the minority carrier lifetime was considered to be 
dominated by non-radiative recombination via deep 
defects.  
As has been reported previously, we have a clear result 
that the 0.8 eV defect was proved to act as non-radiative 
recombination center at room temperature. Therefore, it 
may be reasonable to evaluate the electron capture cross 
section by equation (5-4) using the value of τSRH from the 
PL decay time and NT from the SSPC measurements. The 
typical value of the capture cross section for 0.8 eV 
defect is 10
-14 
cm
2
 and the result is shown in Table 5-2 
and Fig. 5-2 correlated with the conversion efficiency.  
Table 5-2. Capture cross section of electron (σn) at 0.8 
eV defect level and density of 0.8 eV defect dependent 
on Ga/III ratio 
 
As shown in Fig. 5-2, the defect concentration and 
lifetime seems to have a correlation with the conversion 
efficiency but the capture cross section does not have 
close correlation with the efficiency.  
 
Fig. 5-2. Relationship between the density of 0.8 eV 
defect (Nt(0.8 eV)), capture cross section of electron (σn) 
at 0.8 eV defect level, PL decay lifetime and efficiency 
of CIGS solar cell 
In order to directly study the contribution of the 0.8 eV 
defect on the carrier recombination in CIGS, the 
saturation effect of the defect level on the minority 
carrier lifetime was demonstrated. Fig. 5-3 shows the 
TRPL curves by one-wavelength excitation with 635 nm 
laser light and two-wavelength excitation with both 635 
nm and 1550 nm light. The saturation of the 0.8 eV 
defect level by the 1550 nm light has a direct effect on 
the carrier’s lifetime where both fast lifetime and slow 
lifetime increased. This result also supports our previous 
conclusion that this defect acts as a recombination center 
in CIGS film.  
 
Fig. 5-3. TRPL curves due to one-wavelength excitation 
(635 nm) and two-wavelength excitation (635 nm+1550 
nm (CIGS sample: Ga/III=0.73 ) 
 
Conclusion 
TRPL measurements were used to investigate the 
carrier lifetime in CIGS films. The much shorter lifetime 
than 1 μs indicated that non-radiative centers such as 
deep defect dominates the recombination effect. The 
contribution of the 0.8 eV to the carrier recombination 
effect was directly demonstrated by using a 
two-wavelength excitation TRPL method in which the 
carrier lifetimes were found to increase after the 
saturation of the defect level by the 1550 nm light. 
Reference 
[5-1] T. Sakurai, K. Taguchi, M. M. Islam, S. Ishizuka, 
A.Yamada, K. Matsubara, S. Niki and K. Akimoto, Jpn. J. 
Appl. Phys. 50, 05FC01 (2011). 
[5-2] Richard K. Ahrenkiel, Mark S. Lundstrom, 
Minority carriers in III-V Semiconductors: Physics and 
Applications (Academic Press, San Diego, 1993) 
p.42-p.60. 
[5-3] S. Puttnins, S. Levcenco, K. Schwarzburg, G. 
Benndorf, F. Daume, A. Rahm, A. Braun, M. Grundmann 
and T Unold, Sol. Energy Mater. &Sol. Cells 119, 281 
(2013). 
Chapter 6. Investigation of possible origins of the deep-level defect in CIGS  
 
Introduction 
About the 0.8 eV deep-level defect in CIGS film, 
models such as the VSe–VCu divacancy defect model and 
(In,Ga)Cu antisite defect model were proposed for the 
possible origins for this defect [6-1], however, no 
definite conclusions has been made about the ogrins for 
this defect up to now.  
In this part, we would try to investigate some possible 
origins on the basis of our work on CIGS films. A 
secondary phase named Cu2-xSe was considered as a 
possible candidate. 
Experimental 
CIGS thin films grown by three-stage process with Ga 
contents (x) ranging from 0.3 to 1.0 were prepared. After 
the growth, the Cu2-xSe on the CIGS surface were etched 
by KCN solution. Raman spectroscopy measurements 
were carried out at room temperature with a confocal 
microscope using a Nd:YAG 532 nm diode laser for 
excitation in CW mode.  
Results and discussion 
Fig. 6-1 shows the Raman spectra of the typical three 
samples with Ga content of 0.30, 0.60 and 0.80. The 
main peak around 170-180 cm
-1 
and the two peaks 
between 200 and 240 cm
-1
 originate from CIGS [6-2], 
while the peak around 260 cm-1 is from Cu2-xSe phase 
[6-3].  
 
Fig.6-1. Intensity of the secondary phase Cu2-xSe versus 
Ga/III ratio. Fitting results of the Raman signals were 
shown for Ga/III ratio of 0.30, 0.60 and 0.80. 
To investigate the effect Cu2-xSe on CIGS, the relative 
intensity of Cu2-xSe peak (the ratio between the areas of 
Cu2-xSe peak and the CIGS main peak) versus Ga content 
was extracted and also in Fig. 6-1, we found when Ga 
content increased, the intensity of Cu2-xSe increased, 
since the efficiency of the corresponding CIGS solar 
cells decreased with Ga content, the Cu2-xSe phase was 
supposed to be correlated with the efficiency. 
  As we have shown in our previous part, the increase of 
the concentration of the 0.8 eV defect versus the Ga 
content was considered also to be correlated with the cell 
efficiency as it acts as a recombination center. Then, to 
compare the two effects, the Cu2-xSe intensity versus 
Ga/III ratio from Raman measurement and the 0.8 eV 
defect density versus Ga/III ratio from TPC and SSPC 
measurements were normalized and compared in Fig. 6-2, 
a similar tendency with the Ga content may indicate the 
0.8 eV defect correlates with the Cu2-xSe secondary 
phase. 
 
Fig.6-2 Comparison the Cu2-xSe intensity versus Ga/III 
ratio from Raman measurement and the 0.8 eV deep 
defect density versus Ga/III ratio from TPC and SSPC 
measurements. 
Conclusions 
A similar tendency was found between the Cu2-xSe 
intensity versus Ga content from Raman measurement 
and the 0.8 eV defect density versus Ga content from 
TPC and SSPC measurements may indicate the Cu2-xSe 
secondary phase the 0.8 eV defect correlates with. 
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Chapter 7. Conclusions 
 
This thesis focused on the study of deep-level defects which located near the midgap position of the bandgap in Cu(In, 
Ga)Se2 thin film solar cells since these defects may act as active recombination centers to limit the cell efficiency.  
Admittance spectroscopy was used to study shallow-level defects near the bandedges, three typical defects named , 
,  which located around 10 meV, 120-150 meV and 250-300 meV respectively above the valence band were observed. 
The density of each defect was found little correlation with the Ga content, also, the carrier capture lifetime was 
typically found in the order of 1 μs which indicate these shallow defect may not act as active recombination centers to 
influence the performance of CIGS when Ga content increased. 
Transient photocapacitance (TPC) spectroscopy was used to qualitatively characterize the properties of deep-level 
defects. With this method, a defect level at 0.8 eV above the valence band maximum (VBM) was observed almost 
unchanged with Ga/(Ga+In) or Ga/III ratio. Then, a relatively quantitative comparison of deep defect densities based on 
the results of TPC showed that the defect density seems to increase with increasing Ga/III ratio. 
Two-wavelength excitation photocapacitance spectroscopy was utilized to investigate the role of the 0.8 eV 
deep-level defect, that is, whether or not the defect level acts as a recombination center. With this method, the 0.8 eV 
defect was found to act as a trap center at low temperature (140 K) but act as a recombination center at at room 
temperature.  
Steady-state photocapacitance (SSPC) method with low intensity excitation light was employed to quantitatively 
investigate the properties of the 0.8 eV deep-level defect. The defect concentration in the order of 10
13
-10
14
 cm
-3
 and the 
photoionization cross section in the order of 10
-17
-10
-16
 cm
2
 were obtained and both the defect concentration and the 
cross section were found to increase with Ga content (x) in the range of 0.30-0.80.  
Steady-state photocapacitance (SSPC) measurements with high intensity excitation light were performed in order to 
investigate the optical transition properties and structure of the 0.8 eV deep-level defect. Upon the results, a 
configuration coordinate model was proposed for the 0.8 eV defect assuming two states: a stable state D and its 
metastable state D* with a large lattice relaxation. The metastable state was found to disappear at high temperature 
(>140 K) due to the low thermal activation energy.  
Time-resolved photoluminescence (TRPL) was used to investigate the effect of the deep-level defects on the devices. 
According to the results, deep-level defects other than shallow-level defects were supposed to act as the main 
recombination centers to cause the short minority carrier lifetime in Cu(In, Ga)Se2 thin films. By comparing the results 
of TRPL and photocapacitance (including TPC and SSPC), it was deduced that the 0.80 eV deep-level defect may act as 
a significant recombination center that decreases the minority carrier lifetime in CIGS thin films when Ga content 
increases. 
Possible origins of the 0.8 eV defect were considered such as Cu2-xSe while comparing the respective quantity 
relationship with Ga/III ratio. 
Since the 0.80 eV deep-level defect is one of the causes for the degradation of CIGS cell efficiency with high Ga 
content, it is necessary to decrease the density of defects to improve cell efficiency, especially for CIGS samples with 
high Ga content. 
